The effect of equal-channel angular pressing (ECAP) on the pitting corrosion of pure Al was investigated using electrochemical techniques in solutions containing 0.1 m mol·dm −3 of Na 2 SO 4 and 8.46 mol·dm −3 of NaCl (300 ppm Cl − ) and followed by surface analysis. The potential for pitting corrosion of pure Al was clearly shifted in the noble direction by the ECAP process indicating that this process improves resistance to pitting corrosion. The time dependence of corrosion potential and the anodic potential at 1 A·m −2 revealed that the rate of formation of Al oxide films increased due to a decrease in the grain size of the Al after ECAP. Since there exists a negligible amount of impurity precipitates in pure Al, the improvement in pitting corrosion resistance of pure Al by ECAP appears to be attributable to an increase in the rate of formation of Al oxide films.
Introduction
Although aluminum is inherently an active metal, it shows excellent corrosion resistance over a neutral pH range of 4-8 due to its superficial oxide film. In solutions containing Cl − , however, pitting corrosion occurs locally where the oxide film is attacked by Cl − [1] [2] [3] [4] [5] [6] [7] . On the other hand, reducing the grain size of metallic materials to the submicron range or even the nanometer range using equal-channel angular pressing (ECAP), high pressure torsion (HPT), or severe torsion straining processing (STSP) is increasingly being studied with the aim of improving mechanical properties such as strength and ductility [8] [9] [10] [11] [12] [13] . Although the literature is reasonably scarce with investigations reporting the effects of severe plastic deformation upon the pitting and general corrosion behaviour [14] [15] [16] [17] [18] [19] [20] of Al-based alloys, mainly AA1100 and AA5052 (Al-Mg), those reported their majority suggests that corrosion resistance decreases with decreasing the grain size [14, 15] . It should also be remarked that chloride content, pH and other characteristics and nature of solution significantly affect the corrosion behaviour. Considering the ECAP, it has been reported both increase and decrease on the corrosion resistance [15, 17, 18] . Ralston et al. [15] recently reported that finer grains of commercially pure (c.p.) grade Al samples provide significant gains into the corrosion resistance in acidic and alkaline sodium chloride media whilst having lesser, but noticeable, impact in near neutral electrolytes [15] . It was also reported [15] that ECAP has provided low corrosion rates by using a single cast ingot of ultrahigh purity Al. Precipitate compounds of Fe-Al and Si were found around the pitting area. Because the corrosion potential of the precipitates is nobler than the Al matrix, the pitting corrosion of Al seems to occur forming local cells where precipitates act as cathodes. The improvement in pitting corrosion resistance from ECAP seems to be attributable to both a decrease in the size of precipitates, which act as cathodes during pitting corrosion, and an increase in the rate of formation of Al oxide films due to the reduction of the grain size of Al. However, the reason for improvement of the pitting corrosion resistance of Al alloys with ECAP was not made clear. In this study, pure Al of 4 N (>99.99 mass%) without precipitates was used to determine whether the increase in the formation rate of Al oxide films contributes to the improvement of the pitting corrosion resistance in Al or not. The effect of ECAP on the pitting corrosion of pure Al and anodized pure Al was investigated. The pitting behaviour of Al was investigated using electrochemical techniques. In addition, the reason for the improvement in the pitting corrosion resistance of Al with ECAP was further analyzed using surface analysis techniques.
Experimental
Pure Al (>99.99 mass%) was used as experimental specimens. Figure 1 shows a schematic diagram of the ECAP process. ECAP was conducted for eight passes at room temperature (20) (21) (22) (23) (24) (25) • C) using a die with a channel angle of 90
• (error range < ±0.01 • ) which creates an equivalent strain of about 1 during one passage through the die. The samples were rotated 90
• about the longitudinal axis in the same sense between consecutive passes, the generally designated processing route Bc [11] . Each press was performed at a rate of ∼19 mm·s −1 using MoS 2 as a lubricant. The initial average grain size of Al prior to ECAP was 30-50 μm. The average grain size of Al after the ECAP process was confirmed by TEM observation to be 0.5-1.0 μm [21] .
Specimens of 1.0 cm in diameter were prepared for corrosion testing. Their corrosion resistance was investigated over an area 28.26 mm 2 ; the remaining area was sealed with waterproof tape to prevent any corrosion due to edge effects. After pure Al was carefully polished down with No. 600 emery paper, it was immersed in a solution containing 0.1 mol·dm −3 of Na 2 SO 4 and 8.46 mmol·dm −3 of NaCl (300 ppm Cl − ) at 25
• C for one hour in an air atmosphere. Potentiodynamic polarization curves were measured by polarizing from the less noble potential to the anodic potential direction using the potential sweep method at 0.5 mV·s −1 . In addition, the time dependence of anodic current density was measured while being maintained at 0.3 V versus NHE after immersion for 60 minutes. The electrode potentials were measured using a saturated KCl, Ag/AgCl reference electrode (0.197 V versus NHE, 25
• C). Since mercury is contained in calomel electrode, Ag/AgCl electrode was used as reference electrode in this study. Polarization curve potentials were plotted with reference to NHE. Platinum was used as the counterelectrode in all electrochemical measurements.
Since the naturally formed Al oxide films were of the barrier type, the time dependence of anodic potentials was examined during galvanostatic electrolysis at 1 A·m • C under galvanostatic conditions of three different current densities, that is, 100, 200, and 400 A·m −2 for 20 minutes while agitated at 100 rpm using a magnetic stirrer. The time dependence of anodic current density was measured while the system was maintained at 1.2 V after immersion for 30 min in a 0.2 mol·dm −3 AlCl 3 solution with a pH of 2.8 at 25
• C. The morphology of Al with and without ECAP was observed using SEM after electrolytic polishing. Pitting corrosion occurred while the samples were held at 0.3 V for 5 min in a solution containing 0.1 mol·dm −3 of Na 2 SO 4 and 8.46 mmol·dm −3 of NaCl; SEM micrographs were also obtained in order to microstructural observations. Figure 2 shows the effect of ECAP on the potentiodynamic polarization curve of pure Al. In all figures below, the reported results [20] of AA1100 (mass%, >99.0% Al, 0.15% Cu, 0.09% Si, 0.60% Fe, 0.005% Mn, 0.006% Zn, 0.002% Mg, <0.001% Cr) were also shown to compare with pure Al. The anode current densities of pure Al and Al (AA1100) rapidly increased at certain potentials when the anode potentials were shifted from their corrosion potentials in the noble direction. This rapid increase in current density is caused by initiation of pitting corrosion. The pitting corrosion potential, the point at which pitting corrosion is initiated, of pure Al as well as Al (AA1100) was shifted in the noble direction after application of ECAP, indicating improvement in the pitting corrosion resistance. On the other hand, the corrosion potential of pure Al was also slightly shifted in the International Journal of Corrosion noble direction by ECAP. The pitting corrosion potential of pure Al was nobler than that of Al (AA1100). The current density needed to initiate pitting corrosion was larger for pure Al than for Al (AA1100), and the degree of increase in current density at the pitting corrosion potential was smaller for pure Al than for Al (AA1100). These results indicate that the pitting corrosion resistance of pure Al is better than that of Al (AA1100). It is known that the pitting potential can be coincident with the corrosion potential when the anodic Tafel slopes are practically zero (null), as previously reported [24, 25] . It was demonstrated into the literature that, in a dilute sodium chloride solution (0.01 M), the pitting corrosion potential of a commercially pure Al sample attains about −545 mV versus SCE [26] . It is clearly observed that both corrosion potential and pitting corrosion potential in this study are displaced to nobler-side potential than the literature, while passive current densities have considerably decreased since about 1 decade. Figure 3 shows the time-dependence of the anodic current density of pure Al and Al (AA1100) while kept at constant potentials of, respectively, 0.3 V and 0.2 V nobler than their pitting corrosion potentials. The anode current density of pure Al increased sharply after a certain period of time due to the initiation of pitting corrosion. The time required before the initiation of pitting corrosion for pure Al was longer with ECAP than without; however, the degree of increase in time of pure Al with ECAP was smaller than that of Al (AA1100). Furthermore, the anodic current density after initiating pitting corrosion, or the growth rate of pitting corrosion, was smaller with ECAP than without for both pure Al as well as Al (AA1100). Figure 4 shows the morphology of pure Al after a 5 min anodic reaction at 0.3 V nobler than the pitting corrosion potential in a solution containing 0.1 mol·dm −3 of Na 2 SO 4 and 8.46 mmol·dm −3 of NaCl. Crystallographic pits 100-200 μm in size were observed in both pure Al samples made with and without ECAP, as shown in Figures 4(a) and 4(c) . This phenomenon can be seen from the enlarged pitting areas in Figures 4(b) and 4(d) . Since the grain size of Al greatly decreased after ECAP, the crystals in the pitting area were more compact. Considering the typical faceted-type crystallographic morphology of the pits, which are shown in Figure 4 , these evidenced pit morphology are slightly connected by filaments provoked by hydrogen evolution [24, 27, 28] and it seems that they increase with ECAP. Figure 5 shows the morphology of electropolished pure Al and Al (AA1100) with and without ECAP. As shown in Figures 5(a) and 5(b), precipitates were observed in minute amounts in pure Al, while many from Fe-Al intermetallic compounds were observed in Al (AA1100) (Figures 5(c)  and 5(d) ). These precipitates were present in Al (AA1100) regardless of having undergone the ECAP process or not; however, the number of large precipitates in Al (AA1100) was greatly decreased due to an increase in small precipitates caused by ECAP. This phenomenon is shown by the arrow in Figure 5(d) . Since the precipitates of impurities act as cathodes in the Al matrix, the precipitates nucleate causing the pitting corrosion of Al. Pitting corrosion is less likely to occur with a decrease in the size of the precipitate, that is, with a decrease in cathode area. Only pits that grow readily around large precipitates during the initial stage seem to ultimately develop into macropits, this is attributed to the fact that most pits are unstable and are immediately repassivated [2] . The improvement of pitting corrosion resistance of Al (AA1100) with ECAP can thus be partially ascribed to a decrease in the size of the precipitates. However, the improvement of pitting corrosion resistance of pure Al with ECAP cannot be explained by a decrease in the size of the precipitates since pure Al contains only trace amounts of precipitates. corrosion potential of pure Al shifted in the noble direction with increased time. This can be ascribed to the Al oxide film that naturally forms in the solution. The corrosion potential of pure Al shifted in the noble direction more rapidly with ECAP than without, suggesting that the rate of formation of Al oxide film increased with ECAP. It is well known that the oxidation of metal occurs more rapidly at crystalline lattice defects such as grain boundaries and dislocations [1, 2] . The ECAP process markedly increases the number of grain boundaries and the dislocation density in Al. The oxidation rate of Al appears to increase as a result of the increase in grain boundaries and dislocation density caused by ECAP. The oxidation rate of Al (AA1100) is faster than that of pure Al because the impurities contained in Al (AA1100) segregate at lattice defects such as grain boundaries and dislocations. As a result, the corrosion potential of Al (AA1100) shifted in the noble direction more rapidly than pure Al. In the phenomenon described above, the average oxidation rate magnitude of Al over the entirety of the Al surface is taken into consideration since it was estimated from the corrosion potential. Since pitting corrosion occurred around precipitates, it is necessary to investigate the rate of formation of Al oxide films immediately around the precipitates. In this study; however, it was assumed that the oxidation rate of Al around the precipitates was nearly identical to the average of the entire Al surface.
Results and Discussion

Effect of ECAP on the Pitting Corrosion of Pure Al.
Since the naturally formed Al oxide films were of the barrier type, the anode potentials were measured using galvanostatic electrolysis in a neutral solution containing a boric salt used to form a barrier-type oxide film. Figure 7 shows the time-dependence of anode potentials of pure Al and Al (AA1100) at 1 A·m −2 in a solution containing 0.5 mol·dm
of H 3 BO 3 and 0.05 mol·dm −3 of Na 2 B 4 O 7 . The anode potential of pure Al shifted in the noble direction with increased electrolysis duration; the shift was faster with ECAP than without. The shift of the anodic potential corresponds to the rate of formation of Al oxide films. Therefore, it was apparent that the barrier type of Al oxide film was formed more quickly with ECAP than without in a neutral solution. These results wholly correspond to the time-dependence of the corrosion potentials in a Na 2 SO 4 solution containing Cl − as shown in Figure 6 . The pitting corrosion resistance of pure Al was improved by ECAP despite the fact that pure Al contains a negligible amount of precipitates. As discussed above, this cannot be explained by a decrease in the size of the precipitates with ECAP. It can be assumed that there is a decrease in the average grain size in the Al matrix, and therefore the increase in rate of formation of the Al oxide film contributes to the improvement of pitting corrosion resistance of pure Al after ECAP. When the formation rate of Al oxide films is rapid, pits from the initial stage appear to be immediately repassivated. Authors have previously reported that the pitting corrosion resistance of Al (AA1100) and Al-Mg alloy (AA5052) was improved by ECAP [20] . The improvement of pitting corrosion resistance of pure Al with ECAP suggests that the decrease in the grain size of the Al matrix significantly contributes to the improvement of pitting corrosion resistance of Al (AA1100) and Al-Mg alloy (AA5052) with ECAP.
Effect of ECAP on the Pitting Corrosion of Anodized Pure
Al. The time-dependence of the anodic current density of pure Al and Al (AA1100) anodized at various current densities is shown in Figure 8 . Samples were held at 1.2 V in a solution containing 0.2 mol·dm −3 of AlCl 3 . The anodic current density of anodized pure Al and Al (AA1100) increased rapidly after a certain period of time due to the initiation of pitting corrosion. ECAP produced no observable effect on the pitting corrosion of anodized pure Al at any anodizing current density. Since the anodization duration of pure Al was fixed at 20 min in this study, the thickness of the anodic oxide films increased with increased anodizing International Journal of Corrosion current density. Therefore, the time required for initiating pitting corrosion increased with anodizing current density. On the other hand, the time to initiate pitting corrosion of Al (AA1100) anodized for 40 min was longer with ECAP than without regardless of anodizing current density. This suggests that ECAP enhanced the pitting corrosion resistance of anodized Al. Figure 9 shows SEM images of anodized pure Al and Al (AA1100). Precipitates were rarely present in the anodized pure Al shown in Figures 9(a) and 9(b) regardless of having undergone ECAP or not, while many small precipitates of FeAl intermetallic compounds were observed in the anodized Al (AA1100), as shown in Figures 9(c) and 9(d) . In Al (AA1100) without anodization, many precipitates were also present, as shown in Figure 5 . In anodized Al (AA1100), the precipitates remained unoxidized and their size was smaller with ECAP than without, as shown in Figures 9(c) and 9(d) . The size of precipitates in Al hardly changed after anodizing.
The pitting corrosion resistance of anodized Al (AA1100) was improved using ECAP, as shown in Figure 8 . Since the size of the Fe-Al intermetallic compound precipitates remaining in the anodic oxide films decreased after ECAP (Figures 9(c) and 9(d) ) and pitting corrosion occurred preferentially around these precipitates [20] , the improvement of pitting corrosion resistance from ECAP can predominantly be ascribed to a decrease in the size of the precipitates in anodic oxide films. On the other hand, there is no effect from a decrease in grain size of Al by ECAP on the pitting corrosion of anodized pure Al because anodized pure Al rarely contains precipitates. Although the natural oxidation rate of Al is assumed to increase due to a decrease in average grain size after ECAP, the effect of the natural oxidation rate on the formation rate of Al oxide films seems to be neglected in anodization with power supply. As a result, no effect of ECAP on the pitting corrosion of anodized pure Al was observed.
Within the context of this work, grain refinement of pure Al appears to offer significant gains in corrosion resistance in acidic and alkaline NaCl environments whilst having lesser, but noticeable, impact in near neutral electrolytes [15] . According to Ralston et al. [15] , this illustrates that within specific material and environment combinations, grain refinement or grain coarsening may be an effective way to maximize corrosion resistance.
Conclusion
The effect of reducing the grain size of pure Al by ECAP on the pitting corrosion was investigated using electrochemical techniques. The potential for pitting corrosion of pure Al was clearly shifted in the noble direction using ECAP, producing an overall improvement in pitting corrosion resistance. It is evident from the time-dependence of corrosion and anode potentials during galvanostatic electrolysis in a neutral solution that the rate of formation of Al oxide films increases due to the decrease in Al grain size from the ECAP process. It is concluded that the improvement of pitting corrosion resistance of pure Al with ECAP is caused by the increased oxidation rate of Al since pure Al contains few impurity precipitates of Fe-Al intermetallic compounds.
